ABSTRACT This study was conducted to investigate the prevalence of and risk factors for colonization and acquisition of carbapenem-resistant (CR) Gram-negative bacteria (GNB) among patients admitted to intensive care units (ICUs) in two tertiary care hospitals in northern Thailand. Screening of rectal swab specimens for CR-GNB was performed on patients at ICU admission and discharge. The phenotypes and genotypes of all isolates were determined. Risk factors were analyzed by logistic regression analysis. The overall carriage rate of CR-GNB at admission was 11.6% (32/ 275), with the most predominant species carried being Acinetobacter baumannii (n ϭ 15), followed by Klebsiella pneumoniae (n ϭ 9). The risk factor for CR-GNB colonization was hospitalization within the previous 6 months (P ϭ 0.002). During the ICU stay, the rate of CR-GNB acquisition was 25.2% (52/206), with the most predominant species carried being A. baumannii (n ϭ 28) and K. pneumoniae (n ϭ 13). Risk factors associated with CR-GNB acquisition were the use of an enteral feeding tube (P ϭ 0.008) and administration of third-generation cephalosporins (P ϭ 0.032) and carbapenems (P ϭ 0.045). The most common carbapenemase genes in A. baumannii and K. pneumoniae were bla OXA-23/51 and bla NDM , respectively. Patient-to-patient transmission was demonstrated in three cases, resulting in the acquisition of CR A. baumannii (2 cases) and K. pneumoniae (1 case) isolates from other patients who were admitted during the same period of time. This is the first Indochinese study screening patients, examining patients for the carriage of CR-GNB, and further demonstrating the transfer of CR-GNB isolates in ICUs. Our study suggests that effective infection control measures are required to limit the spread of CR-GNB within hospitals.
C
arbapenem-resistant (CR) Gram-negative bacteria (GNB), such as Enterobacteriaceae, Acinetobacter baumannii, and Pseudomonas aeruginosa, are challenges in the management of high-risk patients, e.g., intensive care unit (ICU) patients, particularly in low-and middle-income countries. Several mechanisms, including alteration of outer membranes, efflux pump overexpression, and production of carbapenemases, contrib-the predominant species was A. baumannii (n ϭ 15, 40.5%), followed by Klebsiella pneumoniae (n ϭ 9, 24.3%), Acinetobacter spp. (n ϭ 5, 13.5%), and Enterobacter spp. (n ϭ 3, 8.1%) ( Table 2) .
Among the 37 CR-GNB isolates, 26 isolates from 26 different patients were carbapenemase-producing GNB (CP-GNB), resulting in a prevalence of CP-GNB carriage of 9.5% (26/275, 95% CI ϭ 6.3 to 13.5%). The majority of CP-GNB isolates were bla OXA -positive A. baumannii isolates (n ϭ 14), which possessed a variety of OXAcarbapenemase genes, mostly bla . bla NDM was found in K. pneumoniae, Enterobacter spp., and A. baumannii. One A. baumannii isolate was positive for bla IMP (Table 2) .
The patients' characteristics and history were analyzed to identify risk factors associated with intestinal colonization with CR-GNB. Using univariate analysis, CR-GNB colonization was associated with antibiotic usage within the previous 3 months, hospitalization within the previous 6 months, and prior respiratory tract disease. However, with multiple logistic regression analysis, hospitalization within the previous 6 months was the only risk factor associated with CR-GNB colonization (P ϭ 0.002, adjusted odds ratio [aOR] ϭ 3.818, 95% CI ϭ 1.642 to 8.878) ( Table 1) .
Among the 32 patients who were colonized with CR-GNB, 6 patients developed infections during their ICU stays. However, clinical infection due to CR-GNB was found in only 1 patient (3.13%). This patient was a CR A. baumannii carrier at ICU admission, further developed a pulmonary infection caused by CR A. baumannii on the 4th day in the ICU, and was discharged alive after 11 days in the ICU. Other causes of clinical infections included extended-spectrum ␤-lactamase (ESBL)-producing K. pneumoniae (n ϭ 1), K. pneumoniae (n ϭ 1), Enterobacter aerogenes (n ϭ 1), Elizabethkingia meningoseptica (n ϭ 1), and a combination of P. aeruginosa and Enterococcus spp. (n ϭ 1).
Prevalence of and risk factors for CR-GNB acquisition during ICU stay. At discharge, we were able to obtain rectal swab specimens from 206 patients. Fifty-two patients acquired CR-GNB isolates, leading to an overall acquisition incidence of 25.2% (52/206, 95% CI ϭ 19.5 to 31.7%), with the acquisition incidence being 24.8% (36/145) at BUH and 26.2% (16/61) at NUH (Fig. 1) . In 52 acquisition cases, 43 patients were negative for CR-GNB carriage at admission screening. Only 9 patients who were already a carrier upon admission acquired an additional CR-GNB isolate during their ICU stay. A total of 59 CR-GNB isolates were recovered. The most common species was A. baumannii (n ϭ 28, 47.5%), followed by K. pneumoniae (n ϭ 13, 22.0%), Acinetobacter spp. (n ϭ 7, 11.9%), and P. aeruginosa (n ϭ 5, 8.5%) ( Table 2) .
Among the 59 CR-GNB isolates, 27 isolates from 27 different patients were CP-GNB, resulting in an overall CP-GNB acquisition rate of 13.1% (27/206, 95% CI ϭ 8.8 to 18.5%).
FIG 1
Flowchart of patients included in this study. CR-GNB, carbapenem-resistant Gram-negative bacteria; ICU, intensive care unit; BUH, Buddhachinaraj Hospital; NUH, Naresuan University Hospital.
The most common CP-GNB was bla OXA-23/51 -positive A. baumannii (n ϭ 15), followed by bla NDM -positive K. pneumoniae (n ϭ 9). Three P. aeruginosa isolates were positive for bla IMP .
Univariate analysis and final multiple logistic regression analysis showed that the use of an enteral feeding tube (P ϭ 0.008, aOR ϭ 5.386, 95% CI ϭ 1.563 to 18.564) and administration of third-generation cephalosporins (P ϭ 0.032, aOR ϭ 2.293, 95% CI ϭ 1.074 to 4.896) and carbapenems (P ϭ 0.045, aOR ϭ 2.199, 95% CI ϭ 1.019 to 4.743) were significantly associated with CR-GNB acquisition the during ICU stay (Table 3) .
Patient-to-patient transmission. All 52 patients who acquired CR-GNB during their ICU stay were considered at a possible risk of patient-to-patient transmission. Fifty-one and 15 isolates of CR Acinetobacter spp. and CR K. pneumoniae, respectively, were available for genotypic studies. Pulsed-field gel electrophoresis (PFGE) analysis of Acinetobacter spp. and K. pneumoniae isolates revealed 31 and 9 different profiles, respectively (see Fig. S1 and S2 in the supplemental material). Among these, 5 and 2 PFGE profiles from Acinetobacter spp. and K. pneumoniae, respectively, were found to contain Ͼ1 isolate. However, the majority of isolates which shared identical or similar PFGE profiles were recovered from patients admitted to an ICU across various time points. Thus, patient-to-patient transmission was unlikely (Table S1 ). Nevertheless, we found three cases of patient-to-patient transmission (Table S1 ). In the first case, the patient acquired a CR A. baumannii isolate which was previously found in another patient who had been admitted to the ICU 7 days earlier. The A. baumannii isolates showed closely related PFGE patterns (only one band difference) (Fig. S1 ) and identical antimicrobial resistance patterns, indicating that these were the same strain. Moreover, the two patients were placed in adjacent beds, and their ICU stays overlapped by 6 days.
The second case of patient-to-patient transmission involved a patient who acquired a CR A. baumannii isolate from another patient who had been admitted to the ICU 2 days earlier. The two A. baumannii isolates showed identical PFGE profiles and identical antimicrobial resistance profiles, and the patient ICU stays overlapped by 6 days, confirming patient-to-patient transmission (Table S1 and Fig. S1 ).
In the third example, the patient acquired a CR K. pneumoniae isolate which had previously been found in another patient who was admitted to the ICU during the same period of time. The PFGE and antimicrobial resistance patterns of the 2 isolates were identical, and the ICU stays overlapped by 2 days (Table S1 and Fig. S2 ).
DISCUSSION
Intestinal colonization with CR-GNB among ICU patients is a major threat for hospitalized patients, as the colonized patients serve as a reservoir for the dissemination of CR-GNB in hospital settings (6, 7) . Screening of rectal swab specimens for CR-GNB carriage at the time of ICU admission may help to identify patients who require isolation or who are at high risk of developing endogenous infections and require frequent monitoring during their ICU stay. CR-GNB colonization among patients admitted to an ICU has previously been studied, and various carriage rates have been reported (10) (11) (12) (13) (14) (15) . In the present study, we found that 11.6% and 9.5% of patients admitted to ICUs were colonized with CR-GNB and CP-GNB, respectively. During their ICU stays, these patients acquired CR-GNB and CP-GNB at rates of 25.2% and 13.1%, respectively. The relatively high rate of CR-GNB acquisition implies that infection control measures may not be optimal, contributing to the spread of carbapenemresistant organisms in ICUs.
Species identification revealed that the most common CR-GNB was A. baumannii, followed by K. pneumoniae, in the carriage and acquisition groups. Molecular characterization of carbapenemase genes showed that bla OXA (bla OXA-23 , bla OXA-24 , bla OXA-51 , and bla OXA-58 ) was commonly found in A. baumannii, consistent with the fact that a Other CR-GNB isolates included P. aeruginosa (n ϭ 2), Escherichia coli (n ϭ 1), Serratia marcescens (n ϭ 1), and Citrobacter freundii (n ϭ 1). b Other CR-GNB isolates included Klebsiella oxytoca (n ϭ 2), Serratia spp. (n ϭ 1), and Shigella spp. (n ϭ 1).
carbapenem resistance in Acinetobacter spp. is often associated with the production of OXA-type carbapenemases (18) . bla NDM was mainly found in K. pneumoniae, which is in good agreement with previous reports from countries in Southeast Asia, such as Singapore and Malaysia, where bla NDM -positive K. pneumoniae is prevalent among CR-GNB (19, 20) . bla NDM and bla IMP were found in other GNB, such as Acinetobacter spp., P. aeruginosa, and Enterobacter spp., although bla IMP was observed more frequently in P. aeruginosa. The presence of bla OXA -, bla IMP -, and bla NDM -positive isolates in a patient's intestinal tract is of concern since these genes are commonly associated with a transmissible plasmid; thus, they can be readily transferred to other intestinal flora (21, 22) . It should be noted that 8 patients were colonized with Stenotrophomonas maltophilia. However, carbapenem resistance in S. maltophilia is intrinsic since it possesses a chromosomally encoded metallo-␤-lactamase. S. maltophilia rarely causes serious disease. Additionally, it is not common among clinically important Gramnegative bacteria; therefore, S. maltophilia was not further investigated. In addition, we identified several isolates of CR-GNB which were carbapenemase negative ( Table 2) . Carbapenem resistance in these organisms may result from efflux pump overexpression or alterations in the outer membrane protein (1). For Enterobacteriaceae, carbapenem resistance may be caused by a combination of AmpC or ESBL production with porin defects (1). Multivariate logistic regression analysis showed that hospitalization within the previous 6 months was strongly associated with CR-GNB carriage upon ICU admission (Table 1) , similar to the findings of previous studies in China and Greece (12, 13) . This finding is not totally unexpected, as a previous hospitalization could expose patients to resistant bacteria in the hospital, which might contribute to subsequent CR-GNB colonization.
The relatively high rate of acquiring CR-GNB during an ICU stay could be due to the transmission of CR-GNB between patients via health care workers, ICU environments (inanimate objects/surfaces), or medical devices, since GNB can survive for a long period of time in the environment (23) . These explanations were supported by several studies from different countries, including Thailand, which showed that CR-GNB isolates from colonized or infected patients were clonally related to those present on medical devices or in hospital environments (24) (25) (26) . In our study, one of the risk factors for acquiring CR-GNB during an ICU stay was the use of an enteral feeding tube (Table 3) , similar to the findings of a recent study by Yamamoto et al., who reported that the use of an enteral feeding tube was significantly associated with carbapenem-resistant Enterobacteriaceae carriage among hospitalized patients in Japan (27) . It is possible that the use of an enteral feeding tube provides a convenient way for CR-GNB organisms to enter the patient's intestinal tract, leading to CR-GNB acquisition.
Administration of antibiotics within an ICU could play an important role in CR-GNB acquisition (2) . Our study identified the use of third-generation cephalosporins and carbapenems to be independent risk factors for acquiring CR-GNB during an ICU stay (Table 3) , consistent with the findings of previous studies (11, 28, 29) . This could be due to the selective pressure of the use of antibiotics on the patient's intestinal flora, which corresponded to the previous finding of the inappropriate use of antibiotics in Thai hospitals (30) .
Since the intestinal tract is considered an important reservoir for CR-GNB that may result in endogenous infections, many studies have suggested that identification of colonized patients and subsequent patient isolation in a single room should be performed to prevent the spread of CR-GNB within hospitals (6, 16) . However, screening of rectal swab specimens and isolation of colonized patients may not be possible for resource-constrained countries, like Thailand. Furthermore, among the 52 acquisition cases, we observed only 3 cases of possible patient-to-patient transmission. Therefore, infection control measures, such as hand hygiene and proper cleaning and disinfection of medical devices, may be adequate to negate the dissemination of CR-GNB and reduce the acquisition rates of CR-GNB within ICUs. These procedures have been effectively used to reduce the number of cases of CR-GNB infection and colonization in ICUs in several countries, including Thailand (31) (32) (33) .
Previous studies revealed that patients who are CR-GNB carriers have a higher mortality rate than noncarriers (4, 5) . In our study, however, we found no significant differences in terms of mortality rates between patients who were colonized with or acquired CR-GNB and noncarriage or nonacquisition groups. These observations were consistent with those previously reported in Israel and China (7, 12) . However, we noted that the lengths of ICU stay among patients who were CR-GNB carriers or who acquired CR-GNB were longer than those among noncarriage or nonacquisition groups, although these were not statistically significantly different (Tables 1 and 3) .
Our study has some limitations. First, we did not collected samples from hospital environments (sink, bed, table, etc.), health care workers, or medical devices. Investigation of CR-GNB contamination in these sources might be useful to explain the relatively high CR-GNB acquisition rate during an ICU stay in our study. Second, we did not perform risk factor analysis for Enterobacteriaceae and nonfermenters (such as For all acquisition cases, we employed the following criteria to determine whether the CR-GNB isolate was acquired as a result of patient-to-patient transmission: (i) the genotypes of the isolates were identical on the basis of their PFGE profiles, and (ii) the isolates were transmitted from known carriers who had an overlapping ICU stay with the recipient patient. An overlapping stay was defined as the coexistence of both carrier and recipient patient for at least Ն2 days.
Statistical analysis. Statistical analysis was performed using SPSS (version 17) software (SPSS Inc., Chicago, IL, USA). Univariate analysis was performed using the chi-square or the Fisher exact test, when appropriate, for categorical variables. Variables selected by univariate analysis (P Ͻ 0.1) were included in multivariate logistic regression analysis using a backward stepwise procedure. All statistical tests were two-tailed, and a P value of Ͻ0.05 was considered statistically significantly different. Results are presented as the adjusted odd ratios (aOR) and 95% confidence intervals (CI).
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